There is convincing evidence in vivo that the vascular homing of endothelial progenitor cells (EPCs) contributes to a rapid endothelial regeneration, which could prevent thrombosis and restenosis of cardiovascular devices. To enhance the EPC homing on cardiovascular devices, immobilization of an EPC capture agent (e.g. an anti-CD34 antibody) on the surface of cardiovascular devices is critical. We describe a way of immobilizing anti-CD34 Ab onto 316L
antibody to retain its antigen-binding capacity in biosensor 11 .
Dopamine is a small-molecule mimic of the adhesive proteins of mussels and contains unusually high concentrations of catechol and amine functional groups, which are capable of mediating protein immobilization to most organic and inorganic surfaces [16] [17] [18] [19] .
Inspired by this discovery as well as several successful examples of using DA and SPA in molecular immobilization, we have developed a facile approach to immobilize SPA based on surface coating of 316L SS with a thin layer of DA polymerized in the presence of SPA solution, then the SPA modified surface provided an anchor for oriented immobilization of the anti-CD34 Ab (Figure 1) .
The aim of the present study was to prepare the tight functional surface with dopamine, Staphylococcal protein A and anti-CD34 Ab and evaluate such surface for the capacity to capture EPCs, to resist SMCs attachment and to improve blood-compatibility. The surface composition of the samples was analyzed by X-ray photoelectron spectroscopy (XPS, Perkin Elmer 16PC) with an Al Ka X-ray source (1486.6 eV photons). A wide-scan survey spectrum over a binding energy (BE) range of 0-1400 eV was recorded at pass energy of 80 eV for estimation of the chemical elemental composition and 10 eV for high-resolution detailed scans.
The system was calibrated using the C1s peak at 284.8 eV. All spectra were recorded at a take-off angle of 15 degree. The maximum information depth of the XPS method is not more than 10 nm.
In order to determine the quantitative surface composition from XPS data, spectrum background was subtracted according to the Shirley method. The parameters of the component peak fitting were their binding energy, height, full width at half maximum, and the Gaussian-Lorentzian ratio.
Water contact angle analysis was performed with DSA100 drop shape analysis system (DSA100, Krüss, Germany) using up water at room temperature. Five samples were measured of each group, and two separate measurements were made on each sample.
The amount of F(ab′) fragments exposure of anti-CD34 Ab on the surface was determined by enzyme-linked immunosorbent assay(ELISA) as follows: (i) Samples were immersed in 1%
sheep serum for 60 min to block non-special adsorption, then the solution was decanted; (ii) 20
µm of rabbit anti-Goat IgG F(ab′) 2 -Peroxidase antibody(1:100) were added to the surface of the samples, incubated for 1 h at 37°C, and subsequently washed with PBS for 5 min three times; (iii) 140 ml of 3,3',5,5'-tetramethylbenzidine (TMB) chromogenic solution was added into the well containing the samples, and reacted for 10min; subsequently 200 ml of 2M H 2 SO 4 was added to stop the reaction; (vi) 150 ml of the reacting solution was transformed into a 96-well plate and was measured at 452 nm.
In vitro testing of blood compatibility

Quantification of adsorbed fibrinogen on the material surface
Fibrinogen is one of the most abundant plasma proteins (4%) and plays an important role in thrombosis 20 . So the amount of absorbed fibrinogen on the material surface was measured by direct immunochemistry 21 . Description of the procedure is presented in detail elsewhere 10 . Data are normalized to the fibrinogen adsorption to bare 316L SS as 100%.
Quantification of fibrinogen exposed γ-chain on the material surface bimolecular immobilization on material surface with minimal change in the chemical structure of biomaterials 26 . Here, dopamine was used to bind SPA onto substrate materials. The QCM result indicated that dopamine was successfully immobilized onto 316L SS surface, meanwhile, the dopamine adsorption to the quartz crystal surface was observed as a continuous mass increase with the deposition time and did not come up to the adsorption saturation. Based on the previous studies 27 , dissolved oxygen and pH induce dihydroxyl group protons in dopamine to deprotonate, oxidizing dopamine to dopaminequinone. When the amine group is deprotonated, the molecule The reverse dismutation reaction between catechol and o-quinone of 5,6-dihydroxyindole can further react with amine groups for binding proteins onto the DA surface 26 . As the QCM result indicates, this reaction was used successfully to immobilize SPA via the polydopamine coating by simple immersion. SPA interacts with antibodies specifically at their Fc region, which is distant from the antigen binding sites 11, 14 . The QCM data indicate that the anti-CD34 antibody was successfully immobilized onto 316L SS by simple immersion. Because SPA could lead to oriented immobilization of antibodies and up water was used as solvent and rinsing solution, the activity of anti-CD34 is expected to be maintained. The stability of coating was the most important factor of the technique applied. After being prepared, the coating was rinsed with up water at high flow velocity of 500 µl/min for 24 hour (Figure 2 ). No significant mass change indicated that the coating was very stable.
grafting to the surface, the molar concentration ratios of C=O/C and O=C/O decreased, confirming the successful immobilization onto the SPA modified surface. The amount of F(ab′) fragments exposure of anti-CD34 Ab on the surface was determined by ELISA using rabbit anti-Goat IgG F(ab′) 2 -Peroxidase antibody which react with goat IgG F(ab′) 2 but not Fc fragments. The optical density of the anti-CD34 antibody modified surface and the SPA modified surface were measured as 0.134±0.004 and 0.010±0.002, respectively. The data proved that the oriented immobilization of anti-CD34 antibody was realized by using SPA.
Fibrinogen, one of the most important proteins in the blood coagulation, has several cell adhesion and protein interaction domains. The data of the fibrinogen adsorption on the various surfaces, normalized to the amount on 316L SS, are shown in Figure 5 . Compared to 316L SS, the amount of fibrinogen adsorption on other surfaces decreased significantly. One reason for this may be that hydrophilic surface could resist fibrinogen adsorption to some extent 30 . Fibrinogen adsorption onto SPA surface and CD34 surface was not obviously different. Figure 5 . Relative amount of fibrinogen, fibrinogen-exposed γ-chain, and platelets on the material surface compared with 316L SS Numerous studies have demonstrated that adsorbed fibrinogen on the surface may expose previously hidden γ-chain which mediate fibrin cross-linking, clot formation, and interactions with blood platelets 22 . The relative amount of fibrinogen with exposed γ-chain on the different surfaces, normalized to the amount on 316L SS, is shown in Figure 5 . Compared to 316L SS, the amount of fibrinogen exposed γ-chain on the SPA surface significantly decreased. After anti-CD34 antibody immobilization, the amount of fibrinogen exposed γ-chain further decreased significantly.
The quantitative analysis of platelet adhesion on the different surfaces was performed, by determination of the LDH release after lysis of the adherent blood platelets. The adherent platelets on the CD34 surface were far less than on the 316L SS and the SPA surface ( Figure 5 ), but there was no significant difference for the 316L SS and the SPA surface. 
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SEM imaging was preformed to visualize adherent platelet on the various surfaces ( Figure 6 ).
The largest number of adherent platelets was found on the SPA surface, while the least number was found on the CD34 surface. The platelets on the CD34 surface showed generally less pseudopodia or deformation than they on the other surfaces. The surface-induced platelet activation was probed by fluorescent staining for P-selectin ( Figure 7) ; the activated platelets fluorescence red and were much less on the CD34 surface than on the other surfaces. The CD34 surface resisted platelet adhesion and platelet activation better than the other surfaces.
As a blood-contacting biomedical device, the surface should prevent the thrombus formation. In general, when materials contact with blood, proteins are first adsorbed instantaneously onto surfaces and deformed, then platelets are adsorbed, activated and aggregated. Fibrinogen is one of the most important proteins in the blood coagulation. After adsorption, fibrinogen may deformed to mediate thrombus formation 22 . To estimate surface effect on fibrinogen adsorbed and fibrinogen deformed, the ratio of fibrinogen exposed γ-chain to totally adsorbed fibrinogen was used, which showed an increase in the order: SS-DA-SPA-CD34 < SS < SS-DA-SPA. The higher this ratio, the more fibrinogen adsorbed on this surface had undergone post-adsorptive conformational changes. In proteins adsorption and conformational change processes, surface chemistry is the critical determinant of the exposure of bioactive motifs that are ''hidden'' within the protein in its native conformation, which then stimulate adverse cellular responses 30 . The results indicate that the SPA surface induce stronger conformational changes of fibrinogen than 316L SS and the CD34 surface. One reason for this may be that there are the highest molar concentration ratio of -COOH for SS-DA-SPA, because of more than 40% of the acidic amino acid composition of SPA 29 . A similar result was also seen in another investigation in which neutral and negative surfaces were adsorbed with equivalent amounts of fibrinogen, and neutral surface formed little to no fibrin compared to other surface 31 . In addition, our previous study indicated that The effect of anti-CD34 antibody modification on EPC and SMC attachment quantified at 2 h and 12 h by MTT assay (Figure 10 ). indicated that capturing of EPCs on a surface could promote rapid re-endothelialization and inhibit SMCs proliferation and thromboresistance 36 . Figure 11 . FTIC-immunofluorescent micrographs of actin cytoskeleton of macrophages adherent on different surfaces for 2h culture
To study the biocompatibility of biomaterials, the behavior of macrophages is useful to be determined. The use of macrophages for this purpose is based on their role in the foreign body response 37 . Macrophages adhered on the every surfaces were stained for their actin cytoskeleton and shown in Figure 11 . The results show that the macrophage population on the CD34 surface was significantly less than on the SPA surface, meanwhile, macrophages extended pseudopods and frontal cytoplasmic fringe or presented an irregular shape on the 316L SS surface and the SPA surface, while less pseudopods extended or rounded shape emerged for macrophages on the CD34
surface. This implies that the CD34 surface induces lower local inflammation reaction and restenosis after implantation.
